An efficient one-pot, two-step procedure has been successfully applied for the synthesis of a series of 2-(5-phenylindol-3-yl)benzimidazoles. The first step was cyclocondensation-oxidation of 5-bromoindole-3-aldehydes with o-phenylenediamines in 1,4-dioxane, which was promoted by activated carbon and used atmospheric air as a "green" oxidant. The resulting 2-(5-bromoindol-3-yl)benzimidazoles in the pot were in situ coupled with postadded phenylboronic acids, and catalyzed with PdCl 2 (dppf) in 1,4-dioxane-H 2 O to afford the desired compounds with satisfactorily high yields. The relationship between the synthesized compounds' absorption, and fluorescence spectra with molecular structures has been investigated with experimental data and theoretical calculations.
Introduction
Nitrogen-containing heterocycles are fundamental targets in the pharmaceutical industry as well as in materials science.
1
Benzimidazoles and their derivatives have attracted much interest due to their outstanding physiological and biological properties.
2 They have been successfully explored as drug-like scaffolds which can be found in a variety of natural products as well as a number of biologically active compounds.
3 As electron-transporting and emission functional moieties, benzimidazole derivatives also serve in numerous optical applications, such as liquid crystals, 4 uorimetric chemosensors 5 / biosensors, 6 organic luminescent materials like molecular switches, 7 electron-transporters and light-emitting layers for organic light-emitting diodes (OLEDs), 8 and for solar cells. 9 As another group of heterocycles, indole derivatives display a broad spectrum of biological activity, 10 such as anti-tumor,
11
anti-inammation, 12 and anti-bacteria. 13 They have been also reported to exhibit excellent photophysical properties that leads to numerous optical applications, for instance, uorimetric chemosensors, 14 light-emitting materials for OLEDs, 15 and light absorbing material for dye-sensitized solar cells (DSSCs). 16 In particular, benzimidazoles and indoles are well established as "privileged scaffolds" given their electron accepting and donating properties that give rise to enhanced molecular photoluminescence. Some extended p-conjugated compounds with benzimidazoles and/or indole moieties exhibit synergic properties, for instance, 2-(6-(1H-benzo[d]imidazol-2-yl)naphthalen-2-yl)-1-dodecyl-1H-benzo [d] imidazole, a benzimidazole derivative bearing naphthalen block, can be applied as a colorimetric and ratiometric uorescent sensor with high sensitivity and fast response for the detection of F À from inorganic origins and in the solid state. 5a The compound, 2-aryl-6-(aryleneethynylene)-1H-indole derivative, displays intense uorescence with high uorescence quantum yields. 17 Considering the unique uorescent properties of benzimidazoles, indoles and their derivatives, it is envisaged that introduction of the electron donating and accepting structural moiety to an expanded p-conjugated structure could largely enhance uorescence. 18 Nevertheless, this has yet been fully understood. Hence, in the present work, we focus on the synthesis and photophysical characterization of indole-benzimidazole compounds ( Fig. 1 ) with additional structural groups that could expand the conjugated system and modify their properties, in order to gain detailed understanding of the relationship between structure and optical property.
A typical approach to synthesize benzimidazole moieties includes the condensation-dehydration of o-phenylenediamine with carboxylic acids, or their derivatives (nitriles, amidates, or esters).
19 However, the reaction is generally carried out under harsh reaction conditions with strong acid as catalyst for extended reaction time. In another method, benzimidazoles have been synthesized by cyclocondensation of o-phenylenediamine with the corresponding aldehydes followed by oxidation. Various oxidative and catalytic reagents, such as TiCl 4 24 I 2 in aqueous THF, employed. Nevertheless, practically a large majority of these reactions suffer from multiple disadvantages, e.g., prolonged reaction time, high reaction temperature, tedious workup procedure and toxic oxidizing agents/catalysts. Therefore there is an urgent need to modify the synthesis methods with improved operational simplicity, milder conditions and more environmental-friendliness. Air is an abundant, green substance, it has been used as oxidant for the syntheses of benzimidazoles in simple, mild, and efficient procedures. 29 Activated carbon is environmentallyfriendly, and can be separated easily aer the reaction completion. It was reported that activated carbon could promote the reaction of o-phenylenediamine with benzaldehyde in xylene at 120 C under oxygen atmosphere or air to produce 2-phenylbenzimidazole in moderate yields. 30 We have also synthesized 2-(indol-3-yl)benzimidazoles in excellent yields by reaction of indole-3-aldehydes with o-phenylenediamines promoted by activated carbon using air as oxidant at relatively low reaction temperature. 31 Yet this reported method involves a separate two-step processes, namely Suzuki coupling reaction of 5-bromoindole-3-aldehydes with phenylboronic acids in step one, followed by the cyclocondensation-oxidation of the isolated 5-phenylindole-3-aldehydes with o-phenylenediamines catalysed with activated carbon under air in step two. To further improve the synthesis reaction efficiency, a cost and time effective one-pot three-component reaction strategy is proposed as it adopts step-economical transformations to introduce structural complexity by allowing multiple bond-forming events to occur in one pot. 32 Herein, for the rst time, we report a facile yet efficient one-pot two-step synthesis of 2-(5-phenylindol-3-yl) benzimidazole compounds (Fig. 1 ).
Results and discussion

Synthesis parameter optimization
Our initial attempt to synthesize the 2-(5-phenylindol-3-yl) benzimidazole compounds using all materials including phenylboronic acid (PhB(OH) 2 ), 5-bromoindole-3-aldehyde and o-phenylenediamine (o-PD), catalyst (Pd/C, or PdCl 2 (dppf)-activated carbon), alkali, hexadecyl trimethyl ammonium bromide (CTAB, as phase transfer catalyst), and the solvent (Diox-H 2 O) in one pot resulted to a trace amount of desired product aer reaction at 80 C or 90 C for 12 h. This strongly indicated that an unfavourable reaction pathway dominated using a simple one-pot synthesis strategy. 33 Contrastingly, when a one-pot two-step reaction was employed, i.e., a cyclocondensation-oxidation reaction of 5-bromoindole-3-aldehyde with o-PD, catalysed with activated carbon in 1,4-dioxane (Diox) to obtain 2-substituted benzimidazole, and a subsequent Suzuki coupling reaction in situ with PhB(OH) 2 catalysed with Pd catalyst in alkali, CTAB, Diox and H 2 O under N 2 (product 3, Fig. 1 ), the desired product was gained in a proper yield. In comparison, the synthesis route of initial Suzuki coupling reaction of bromoindolaldehyde with PhB(OH) 2 followed by cyclocondensation-oxidation reaction suffered from a poor yield.
In order to establish the optimal conditions for the one-pot, two step reaction, a model reaction among 5-bromo-1-ethylindole-3-aldehyde, o-PD and PhB(OH) 2 was examined under various conditions. The catalyst was initially investigated as it largely determines the reaction pathways and the product yield. As shown in Table 1 , the reaction with Pd/C catalysts without activated C only resulted to trace amount of target product (Table 1 , entry 1). We then improved the reaction recipe Fig. 1 One-pot, two-step synthetic procedure for the 2-(5-phenylindol-3-yl)benzimidazole compounds. using activated carbon and different Pd complexes as the catalysts for the cyclocondensation-oxidation and Suzuki coupling reactions respectively. The PdCl 2 (dppf)-activated carbon group was found to be the most effective catalyst in terms of reaction rate, selectivity and product yield ( 4 -activated carbon, resulted in much lower yields of 51% or 65% (Table 1 , entry 2, 3), respectively. An increase in the molar ratio of added PdCl 2 (dppf) catalyst (>6%) did not further promote the product yield (Table 1 , entries 4-6). With this optimal amount of PdCl 2 (dppf) catalyst, the amount of activated carbon has a paramount effect on product yields: 62% using 0.05 g of activated carbon with respect to 1 mmol of 1a, while extremely low yield be resulted without activated carbon (Table 1 , entry 7, 8). Our experiment also conrmed that optimal reaction temperature for the cyclocondensationoxidation reaction and Suzuki coupling reaction are 80 (Table 1 , entries 5, 9 and 10) and 90 C (Table 1 , entries 5, 11)
respectively. It has been demonstrated that optimal level of alkalis species plays a crucial role in promoting the transmetalation step and also facilitating the reductive elimination step in Suzuki coupling reaction.
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Our comparative experiments using different alkalis and amounts revealed that more than 87% yield can be achieved using 2.5 mmol K 2 CO 3 as alkali (Table 2 , entries 1-6). In addition, the effect of the reagent ratios on the reaction yield was also examined. Stoichiometric molar amount of PhB(OH) 2 , o-PD and 5-bromoindole-3-aldehyde afforded the product in yield of 70% (Table 2, entry 7). When the molar ratio of the reagents (acid : diamine : aldehyde) was 1.1 : 1 : 1 or 1.2 : 1.1 : 1, the yield was improved to 87% or 91%, respectively (Table 2, entries 5, 8). Further increase in either acid or diamine ratio could not lead to higher yield (Table 2, entries 9, 10).
Solvent exerts a signicant effect on determining the reaction rate, isolated yield, and selectivity, thus different solvents have been examined in this work. The reagents dissolve in dry Diox easily, but dry Diox has higher viscosity and shown poor dissolving capability towards K 2 CO 3 alkali. As a result, the poor mass transfer of the reagent and insufficient dissolved alkali lead to only 21% of product (Table 2, entry 12). Better product yields could be obtained in Diox-H 2 O than dry Diox with the same reagent ratios (Table 2, entries 8, 11, 12) . This is due to the fact that a proper amount of water could improve the solubility of phenylboronic acids as well as inorganic alkalis in reaction mediums and meliorate Suzuki coupling reaction. 35 In present work, when 20 mL of Diox-H 2 O (V/V ¼ 3/1) was used as reaction medium, high yield of 91% could be comfortably achieved ( 
Synthesis of 2-(5-phenylindol-3-yl)benzimidazole derivatives
To test the general scope and versatility of this procedure in the synthesis of a variety of 2-(5-bromoindol-3-yl)benzimidazoles, we examined a number of differently substituted o-phenylenediamines, 5-bromoindole-3-aldehydes and phenylboronic acids. It has been conrmed that moderate to high yields were obtained for the reactions of virtually all phenylboronic acids and phenylenediamines examined. As shown in Table 3 , phenylboronic acids bearing either electron donating (Table 3 , compounds 3b-d) or electron-withdrawing (Table 3 , compounds 3e and 3f) substituents gave desired products, 2-(5-phenylindol-3-yl)benzimidazoles with good yields. These twostep reactions in one-pot were generally completed in ca. 12 hours, except for the cases of 4-chlorophenylboronic acid or 4-uorophenylboronic acid used, where over 14 hours were required (Table 3 , compounds 3e, 3f, 3s). All the reactions were a Reaction conditions: 1a (1 mmol), o-phenylenediamine (X mmol), activated carbon (0.1 g), Diox (X mL), 80 C for 8 h under air; then phenylboronic acids (X mmol), PdCl 2 (dppf) (0.06 mmol), and the solution of K 2 CO 3 (X mmol) and CTAB (0.06 mmol) in H 2 O (X mL) were added, 90 C for the time indicated (see completed as indicated by TLC. The title 2-(5-bromoindol-3-yl) benzimidazoles products were conveniently obtained by recrystallization.
The procedure that we employed to synthesize the target 2-(5-phenylindol-3-yl)benzimidazole compounds 3a-y is envisaged as a straightforward sequence of condensing of 5-bromoindole-3-aldehydes (compounds 1) with o-phenylenediamines, followed by cyclization-oxidation and Suzuki coupling reaction, the generation of intermediate 2 is one of the determinant factors ( Fig. 1) . The electron donating and withdrawing nature of substituents R 2 on benzene ring of o-phenylenediamines is important to the cyclocondensation-oxidation reaction. Electron donating action of electron-rich indole fragment enhances the electron density of the electrophilic aldehyde carbon atom center, which is disadvantageous to nucleophilic addition of amine nitrogen in the initial stage of cyclocondensation of compounds 1 with o-phenylenediamines. Thus, compounds 1 tend to react with more nucleophilic aromatic diamines with electron donating substituents, e.g.
4-methyl-o-
phenylenediamine, rather than those with electron withdrawing substituents or low electron density. Indeed, reaction using 4-nitro-o-phenylenediamine or pyridine-2,3-diamine or pyridine-3,4-diamine as diamine failed to produce intermediate benzimidazole compounds despite of extended duration (12 hours) or elevated reaction temperature (100 C).
Photophysical properties
The organic compounds 3 synthesized in this work possess a p-conjugated backbone with indole as electron donor moieties and benzimidazole as electron acceptor moieties and therefore render typical photophysical properties. Their photophysical properties in ethanol solvent (
) are analyzed with UV-vis absorption and uorescence spectrometers at room temperature (data summarized in Table 4 ).
The absorption spectra of most compounds 3 (except 3d) in ethanol solution (Table 4) evidently show two bands, the more intensive one at about 262 nm can be attributed to p-p* transition, and another less intensive one at about 327 nm is assigned to be p-p* transition. 36 Moreover, absorption spectra of the compounds (e.g. 3b) using other solvents (dichrloroethane and n-hexane) did not show noticeable shi in band absorption maxima (Fig. 2a, b and Table S1 †), indicating small dipole moments and also comparable ground-state electronic structures. Generally, electron donating moieties will increase the molar absorption coefficient whereas moieties that capable of enhancing p-conjugation will shi the band towards low energy direction. However, despite of the various moieties investigated in this work, it is observed that their substitution on the mainly three location of the molecular structure has minimal effect on the absorption maxima of most of the compounds 3 (Table 4 ). This strongly indicates the moieties are not able to signicantly affect the p-p* transition or to extend the conjugation length to alter the electronic properties of the compounds. The only exception is compound 3d, with triphenylamine moiety connects to the position 5 of indole ring, demonstrating pronounced red shis of 50 nm for larger-energy band and 18 nm for lowest-energy band (see Fig. S1 † for tted curve), compared to its counterpart compound 3a. It is well recognized that the triphenylamine is a strong electron donating moiety, as such, the intensive red shi of lowestenergy absorption band for 3d is rationally attributed to the intramolecular charge transfer (ICT) from triphenylamine donor towards indole-benzimidazole acceptor, while the extended conjugation is expected to alter the molecular electronic band structure and originate the red shi of higherenergy absorption band (see theoretical calculation below). The ICT state is generated upon p-p* transition and the chargetransfer characteristics can be conrmed by the sensitivity of the emission spectrum towards the solvent polarity (bathochromic effect), as shown in Fig. 2c, d and Table S1 . † Notably, emission spectrum in ethanol solvent show blue shi compared to dichloroethane. This is probably due to the hypsochromic effect arise from hydrogen bonding at the terminal amino nitrogen atoms. (Tables 4 and S2 †) . Evidently, the electron withdrawing and donating natures of the moieties exert an impact on the uo-rescence intensities, although their inuence on the emission wave length maxima is conrmed to be minimal. Also, the capability of the moiety to extend the p-conjugation in the molecule plays an important role in the uorescence intensity. For example, for compounds with same R 2 and R 3 (e.g., compounds 3p vs. 3j, 3p vs. 3u, Fig. S2 †) , uorescence intensity is larger when an allyl group (3p) connects to the nitrogen on indole ring as substituent. The uorescence intensity of 3u is weaker compared to that of 3p. This may be resulted from the 
a Coefficients of the absorption band around 262 nm except 3d that at 311 nm. fact that the benzyl group and indole ring in 3u are not perfectly co-planar, giving rise to a disruptive effect on the s-p hyperconjugation of the indole ring-CH 2 -phenyl ring. Moreover, electron donating moiety connected to electron-acceptor benzimidazole, for example, methyl substituent group, is unfavorable to the charge-transfer capability for indole-benzimidazole derivatives, leading to weaker uorescence intensities (compounds 3a vs. 3g, 3c vs. 3h, 3u vs. 3x, Fig. 3 and S2 †) .
As for the groups connected to phenyl of position 5 of the indole, enhanced uorescence can be achieved by employing electron donating substituents such as methyl and methoxy groups (e.g., compounds 3a vs. 3b; 3c vs. 3f, Fig. 3) . Furthermore, the more intensive photoluminescence of 3u compared with 3v can be rationalized by the s-p hyper-conjugation of the indole ring-CH 3 in 3u (enhancing the photoluminescence) and the negligible p-p conjugation of the partly protonated methoxy moiety in 3v in ethanol solution (Fig. S2 †) . Likewise, substitution of H with F or Cl atom on this location will expectedly decrease the uorescence intensity given the strong electronwithdrawing effect of F and Cl atoms (3a vs. 3f, 3a vs. 3e, 3r vs. 3s, Fig. 3 and S2 †). Consistent with the absorption spectra data set, 3d demonstrates distinctive emission peak (red shi of about 20 nm) compared to the rest of the compounds (Table 4 and Fig. 3) . The photoluminescence quantum yield of selective sample compounds have been measured to be about 35% at excitation wavelength of 330 nm (Table S2 †) .
To gain insight into the molecular structure and its relationship with the spectroscopic properties, the geometric structure and electron distribution of some of the samples, i.e., 3a, 3b, 3d and 3e, have been optimized using the density functional theory (DFT) with the B3LYP/6-31G* level (see Experimental section for details). As the optimized geometric structures of the four compounds shown in Fig. 4 , distorted conformations are adapted in all cases: atoms in the core rings of benzimidazole and indole moieties are mostly located in the same plane with a dihedral angle with respect to the plane formed by the benzyl group connected on 5 position of indole moiety. The dihedral angles for 3a, 3b and 3e (36.9 , 36.7 , 36.8 ) are higher than that for 3d (34.9 ), indicating a more disruptive effect on p-conjugation for these three compounds. Also, consistent with other studies, three benzene rings in the triphenylamine moiety of 3d are nonplanar, 38 showing dihedral angles of about 41 . It is expected that the molecular geometries and moiety electron donating and accepting properties will exert signicant impact on the electronic structure. Thus, the TD-DFT calculation of the singlet-singlet ground states with the optimized molecular structures was performed. As the calculated Frontier molecular orbital shown in Fig. 4 , for compounds 3a, 3b and 3e the density of the highest occupied molecular orbital (HOMO) is mainly centered on the indole-benzimidazole segment. In comparison to 3a, the benzene ring on 5 position of indole moiety and the connected group on its para position (i.e., methyl in 3b or Cl in 3e) have insignicant inuence on the density of molecular orbital. In strong contrast, the HOMO of 3d is localized in the triphenylamine moiety, similar to the reported results of triphenylamine-benzimidazole compounds. 38a,38b, 39 As for the lowest unoccupized molecular orbital (LUMO), for compounds 3a, 3b and 3e the density is spread over the whole molecule with more moderate dependence on the electron withdrawing/donating ability of substituent on para position of benzene ring: LUMO of 3e shows more distribution on electron withdrawing Cl end and that of 3b is dispersed more over the benzimidazole moiety. For 3d, the density of LUMO is mainly located in the indole-benzimidazole segment. In comparison of the HOMO and LUMO for all four compounds, it is evident that a more noticeable ICT feature is shown for 3d: a more density relocation of orbitals shied from electron donating triphenylamine moiety to electron-accepting indole-benzimidazole moiety. In good agreement with the measured photophysical properties, the calculated results further conrm much obvious ICT character for transition of 3d molecules compared to others. The singlet-singlet excited state calculations of optimized molecular structures have also been performed to investigate the absorption bands measured in the experiments. As TD-DFT absorption spectra shown in Fig. 5 , the simulated results (the red one) generally demonstrate excellent agreement with the experimental data (the black one). For 3a, 3b and 3e, the observed energy absorption bands (around 325 nm and 262 nm) are associated to the predicted p-p* transition from HOMO orbitals to LUMO and LUMO + 1 orbitals respectively (Fig. 5) . Distinctively, band in 3d molecule with electron donating triphenylamine moiety centred at 347 nm can be assigned to be the p-p* transition with signicant ICT character from HOMO orbital to LUMO orbital. 40 The other higher energy absorption bands that involve transitions from HOMO-2 and HOMO-1 to LUMO orbitals can be ascribed to the locally excited p-p* transitions.
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p-Conjugated donor-acceptor organic molecules with unique electronic and photonic properties have demonstrated various potentials in numerous applications, such as organic light emitting diodes (OLEDs), organic eld effect transistors (OFETs), organic photovoltaics (OPVs). The deep-blue uores-cence of 3d sample demonstrates that the nondoped molecule may be used as a single emitting material in OLEDs without using complex host-dopant codeposition process. Also, the strong uorescent molecules can be used as colorimetric and ratiometric uorescent sensor for direct visual detection of cations, anions or gas in solution.
Conclusions
In summary, we have demonstrated a simple yet efficient onepot two-step synthesis of 2-(5-phenylindol-3-yl)benzimidazoles with high yield under mild conditions. The procedure comprised an activated carbon catalysed cyclocondensationoxidation of 5-bromoindole-3-aldehydes with o-phenylenediamines using air oxidant to yield 2-(5-bromoindol-3-yl) benzimoidazoles, followed by an in situ Suzuki coupling reaction aer addition of phenylboronic acids without isolating the intermediates.
The conjugated 2-(5-phenylindol-3-yl) benzimidazole compounds exhibit distinctive uorescence. The photophysical properties of individual compounds show dependence on the electron withdrawing/donating capability of the substituents and also stabilization effect of p-conjugation. This is further conrmed with density functional theory computations. The demonstrated synthesis method can be extended to synthesize novel conjugated D-A type uorescent molecules for various applications.
Experimental section
Synthesis
All the chemicals used in the work were purchased from Shanghai D&R Finechem Co. or Sigma Aldrich. The mixture of 5-bromoindole-3-formaldehyde (1.0 mmol), o-phenylenediamine (1.1 mmol), 0.1 g activated carbon and 15 mL of 1,4-dioxane in a three-neck ask was stirred at 80 C in air atmosphere for the appropriate time (see Table 3 , Time 1) until the aldehyde was consumed (monitored by TLC). Subsequently, nitrogen gas was bubbled into the resulting mixture. Fieen minutes later, henylboronic acids (1.2 mmol), PdCl 2 (dppf) (0.06 mmol), and the solution of K 2 CO 3 (2.5 mmol) and CTAB (0.06 mmol) in 5 mL of H 2 O were added to the above mixture through a constant-pressure dropping funnel, and stirred at 90 C in nitrogen atmosphere for the time indicated (see Table 3 , Time 2) until completion of the reaction (monitored by TLC). The reacted mixture was cooled to room temperature and ltered; then 25 mL of EtOAc/H 2 O (2 : 1, V/V) was added to the ltrate and separated, the water layer was extracted with EtOAc (3 Â 15 mL). The joined organic layer was dried with anhydrous MgSO 4 overnight, and ltered, the ltrate was evaporated under reduced pressure; the residue was puried by recrystallization from EtOAc to obtain the desired benzimidazoles. Infrared (IR) samples were prepared as KBr pellets, and spectra were obtained in the 400-4000 cm À1 range using a Bruker Eqinox55 FTIR spectrometer. HRMS (ESI) were recorded on a Bruker micro TOF-QII mass spectrometer or Agilent 6210 LC/MSD TOF mass spectrometer. UV-vis spectra were recorded by using a PRERSEE TU-1810 spectrometer in double-beam mode at room temperature. Quartz cells of 1 cm path length were used throughout and the absorbance were recorded with a spectral resolution of 0.1 nm. Fluorescence spectra were recorded with a Hitachi F-4500 uorescence spectrometer at room temperature in ethanol or other solvents; and the slit width was 5 nm for both excitation and emission. Excitation maxima were determined from excitation spectra covering the range of 200-500 nm. Emission spectra were recorded from 300 to 600 nm. The quantum yield of photoluminescence (F S ) was measured using quinine sulfate (QS) as standard (in 0.1 mol L À1 H 2 SO 4 , F QS ¼ 54% at 330 nm) using the equation:
h QS 2 I S and I QS refer to the integrated luminescence intensity of the samples and QS using excitation wavelength of 330 nm. A and h are the UV absorbance at 330 nm (adjusted to be <0.1 by changing the concentration) and refractive index of the ethanol solvent, respectively.
Theoretical calculation
DFT calculations were performed by using the B3LYP exchange correlation functional in Gaussian 16 program package, 41 version A01. A general basis set 6-31G* was used. Frequency analysis was employed to ensure the optimized structure has located at the minimum point. Ten excited states were calculated in TD-DFT computation. Three Frontier orbitals were drawn by VMD and POV-Ray soware.
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